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Abstract
In the Minimal Supersymmetric extension of Standard Model (MSSM), the coupling of the Higgs
boson to a bb quark pair is enhanced by the Higgs doublet vacuum expectation value ratio, tanβ .
In the high tanβ region (tanβ & 10), the dominant channel for observing the heavier scalar and the
pseudoscalar Higgs bosons is the 4 b-jet final state signature where two b-jets come from the Higgs
decay, and the other b-jets are associated to the Higgs production. Nevertheless, QCD background
coming from events with real b-jets is huge and makes this channel a challenge.
A study on the observability potential of the two heaviest Minimal Supersymmetric neutral Higgs
bosons in the 4 b-jet channel with the CMS detector at LHC is presented, focusing the attention on the
medium term stage of data taking (at 2x1033cm−2s−1) when a high luminosity has been accumulated.
Prospects for exclusion regions of the (mA , tanβ ) plane are presented. Possible trigger options for
this channel based on current CMS HLT table are studied. Background estimation plans from future
LHC data are also proposed.
a) Previously at IEKP, Universita¨t Karlsruhe. Acknowledges the financial support provided through the European Community’s
Human Potential Programme under contracts HPRN-CT-2002-00326 (PRSATLHC) and MERG-CT-2005-03054 (PCM-
SATLHC), and the CSIC-I3P program funded by the European Social Fund (ESF).
1 Introduction
In the Minimal Supersymmetric Standard Model (MSSM) [1, 2], after Electroweak symmetry breaking, five Higgs
scalar mass eigenstates remain. They consist of one CP-odd neutral scalar boson A, two charged scalars H± , and
two CP-even neutral scalars h and H. In this note the observability of the two heaviest (H and A) MSSM neutral
Higgs bosons with the CMS detector at LHC is presented, the process pp→ bb H/A→ bb bb is considered and
it will be called the 4b channel for simplicity throughout this note.
The associated production with two b quarks of the pseudo-scalar Higgs boson A and the heaviest Higgs boson
H, are enhanced by a factor (tanβ )2 for A and (cosβ)−2 for H, w.r.t. the SM cross-sections. Therefore for
tanβ & 10, these Higgs bosons are mainly produced in association with two b quarks. Given that for high
tanβ values they decay mainly in 2 b-quarks, the final state made of 4 b-jets constitutes the main heavy neutral
Higgs boson production channel in the MSSM at LHC [3] and Tevatron, where first results with real data in this
channel are being released [4].
Nevertheless, the study of the 4b topology is driven by the huge background expected from QCD multi-jet produc-
tion. The final signature of 2 soft b-jets + 2 hard b-jets, the latter coming from the Higgs decay, makes the isolation
of the signal rather challenging. Improvements in the initial signal-to-background ratio are possible by requiring
the tagging of b-quark jets and by selecting central and very high-energy kinematic configurations which are ex-
pected for jets arising from the decay of a massive object like the Higgs bosons here studied. A specific multi-jet
trigger that uses b-tagging information [22] has been considered for this analysis and an optimized kinematical
selection has been applied.
Given the low potential for discovery of this channel, it can be considered a cross-check for the discovery once
it is known which Higgs boson masses (observed for instance in bb H/A → bb τ+τ− channel) must be looked
at. It constitutes the only channel to measure the bb decay for the heavier A/H Higgs bosons. It could be used in
combination with the ττ mode to calculate the relative A(H)→ bb /A(H)→ ττ branching ratio.
The analysis studies the MSSM Higgs observability potential in the medium term stage of data taking of CMS (at
2x1033cm−2s−1), considering a maximum collected luminosity of 60 fb−1. The Higgs boson mass range studied
in this work goes from 200 to 800 GeV/c2 , while tanβ was let to vary from 10 to 100. The performance and
signal-to-background ratio of the selections are evaluated, based on a fast simulation (FAMOS version 1.4.0 [19])
of the CMS detector. Small 100k event background and signal samples have been also simulated using detailed
full simulation (OSCAR version 3.6.5 [18]) as a crosscheck for the fast simulation. The full simulated samples
were digitized and reconstructed with ORCA versions 8.7.1 and 8.7.4 [20] respectively.
The high jet energy thresholds used in the CMS multi-jet and inclusive b-jets High Level Triggers (HLT) [22] make
them very inefficient for this channel. The channel can be improved from future HLT developments and trigger
studies with lower ET thresholds which do not bias the mass distribution. Nevertheless, results in the absence of
HLT filtering are also shown in this analysis for comparison and with the only aim of illustrating the improvement
that would be obtained if the HLT were 100% efficient.
2 MSSM Higgs bosons production and decay
2.1 Benchmark scenario
In the MSSM the Higgs sector is determined, at leading order, only by two parameters, usually the CP-odd Higgs
boson mass, mA and the ratio of the Higgs doublet vacuum expectation value, tanβ .
Once the radiative corrections are introduced, masses, widths and production cross sections for the Higgs bosons
depend also of several other parameters. The analysis presented in this note has been made in the mmaxh sce-
nario [6], chosen as the official scenario for the CMS Physics Technical Design Report Volume 2 (PTDR Vol-II)
and which allows conservative tanβ exclusion bounds since the parameters are chosen such that the maximum
possible lightest Higgs-boson mass as a function of tanβ is obtained. In the following, only mA and tanβ are
allowed to vary.
2.2 Production
At LHC the main process for the production of the SM Higgs boson is the gluon fusion ( gg → h), while for the
MSSM, the Higgs sector strongly depends on tanβ . This remains true at low tanβ values, while for high values
of tanβ (tanβ & 10) and in the mA >200 GeV/c2 considered region, the b-quark Yukawa coupling is enhanced
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and the associated production mechanism (figure 1) becomes dominant for the pseudo-scalar Higgs boson and the
heavier scalar one, from Higgs boson masses greater than 200 GeV/c2 . For lower masses than 200 GeV/c2 , the
gluon fusion is again dominant because the anti-decoupling regime of the MSSM Higgs sector is reached.
Figure 1: Feynmann diagrams of the associated production mechanism for bbH/A radiation process. The
qq subprocess (left) is negligible compared with gg subprocess (right).
σ(pp→h/H+X) [pb]
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Figure 2: Neutral MSSM h and H Higgs production cross sections at the LHC including all known QCD corrections
for tanβ =3 (left) and for tanβ =30 (right).
The total production cross sections including all known QCD corrections are shown in figure 2 and 3 as a function
of the mass of the relevant Higgs boson and for two values of tanβ .
The NLO [10, 11] and NNLO [12] QCD corrections to this bottom-initiated process are known and of moderate
size, if the running bottom Yukawa coupling at the scale of the Higgs mass is introduced. The gg → h/H/A+bb
process, calculated with four active parton flavors in a fixed flavor number scheme (FFNS), and the improved re-
summed result, calculated with 5 active parton flavors in the variable flavor number scheme (VFNS), will converge
against the same value at higher perturbative orders [7, 8]. The best agreement between the NLO FFNS and NNLO
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Figure 3: Same as in figure 2 but for A boson.
In this study it has been used the NNLO cross-sections from the FeynHiggs [14] program, which obtains the MSSM
values by rescaling the SM NNLO cross-section values [12] (for the same Higgs mass value) with the effective
coupling factors: the so called effective coupling approximation [15, 16]. σ ·Br values for different mA hypothesis
at tanβ = 50 are given in table 1.
Table 1: Cross-section times branching ratio and pre-selection efficiency for the signal as a function of the Higgs
boson mass (tanβ = 50) and for the background. The total cross section for the signal is assumed to be the
renormalized PYTHIAcross-section to the total NNLO cross-sections x BR of the processes pp→ Abb → bb bb
and pp→ Hbb → bb bb , as expressed in section 2.2. Last line shows the effect of pre-selection (see section 3.3)
on the efficiency.
mA 200 500 600 800 QCD (p̂t > 50 GeV/c)
σ(Abb ) (in pb) 228.99 6.58 3.11 0.98 2.45E+7 (CTEQ5L)
σ(Abb ) x BR(A→ bb ) (in pb) 199.6 5.04 2.26 0.68 -
Expected events in 60 fb−1 2.4E+07 6.1E+05 2.7E+05 8.1E+04 1.47E+12
Preselection efficiency (in %) 19.1 47.2 51.4 56.6 0.59
2.3 Decay branching ratios
The branching ratios for the neutral Higgs bosons as a function of mA for tanβ =50 are shown in figure 4. The
Higgs bosons mainly decay into a bb pair in about ∼ 80− 90% of the cases, almost independently of the mA and
tanβ values if the mass threshold for decays into neutralinos is not reached. The numbers have been obtained
using the Feynhiggs program.
2.4 Decay widths
In the considered (mA , tanβ ) region, A and H Higgs bosons are almost degenerated and the two masses cannot
be distinguished: table 2 shows H and A mass values for the considered SUSY parameters and for two values of
tanβ . The values have been computed with the Feynhiggs program.
In this note we will use as input parameters mA and tanβ together with the SUSY parameters values which corre-
spond to the mmaxh scenario. The mass of heavier scalar Higgs boson, mH , is determined from these parameters.
4
)2 (GeV/cAm




























































Figure 4: A/H MSSM Higgs boson decay branching ratios for tanβ =50.
Table 2: Heavier scalar Higgs mass and mass widths (in GeV/c2 ) for mmaxh scenario [6] with tanβ = 10 and 50,
for different pseudo-scalar mass hypotheses.
tanβ = 10 tanβ = 50
mA ( GeV/c2 ) A width mH H width A width mH H width
200.0 0.47 201.74 0.45 8.35 200.12 8.39
500.0 4.18 500.10 4.44 23.90 499.76 24.38
600.0 6.61 600.31 6.67 30.43 599.98 30.88
800.0 10.79 80.20 10.76 42.89 799.97 43.30
3 Event simulation
3.1 Signal simulation
Signal events pp → bb A → bb bb were produced using PYTHIA [9] for 4 values of mA : 200, 500, 600 and
800 GeV/c2 ; samples of 100k events were generated using as tanβ value 50. Full [18] and fast [19] detector
simulations were used for signal, with comparison checks between them, like figures 5 and 6 which compare the
two highest pT jets between full and fast simulation. The signal selection efficiencies are compatible in both
analysis streams as can be seen in table 4.
3.2 Background simulation
Among the SM processes, backgrounds for this channel come mainly from QCD multi-jet production; other po-
tential sources of background like tt (in the semi and fully-hadronic decay modes, with cross-sections of 83 and
370 pb respectively at LO) or Zbb (with cross-section of ∼118 pb in the bb Z decay mode) have negligible con-
tributions (compared to QCD multi-jet) after the triple tight b-tagging requirement of the off-line selection applied
in this analysis and the highest ET jets di-jet invariant mass criterium used to select signal.
Events with four real b-jets can be considered almost as irreducible background, specially for low mass of the
Higgs bosons. Other backgrounds come from events with less than four b-jets but with some jets mistagged as
b-jets. Backgrounds have been generated with PYTHIA QCD jet production processes, additional jets from gluon
splitting and from Initial and Final State Radiation were produced.
The generation of backgrounds has been weighted in order to get a similar statistics in the whole relevant p̂t range,
the transverse momentum in the centre of frame of the main process. PYTHIA requires a p̂t cut to avoid divergence




















 jet (GeV/c)TSecond P















Figure 5: pT distributions with fast simulation (solid) and full simulation (dashed) for highest pT jet (left) and






































Figure 6: η distributions with fast simulation (solid) and full simulation (dashed) for highest pT jet (left) and
second highest pT jet (right).
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has been checked that this cut has no incidence on the results after the analysis, in fact, requiring four final jets
with at least 30 GeV/c2 is enough to neglect any event from lower p̂t values. Besides, production was split in
p̂t bins of 50 GeV/c from 50 to 1000 GeV/c . The weights depend on the PYTHIA cross-section value for the
considered bin and the number of generated events in that bin. The total number of events is normalized to the total
expected CTEQ5L QCD cross-section value from PYTHIA as expressed in table 1. Fast detector simulation was
used to process most of the background events although a small full simulation sample (100k events) was used to
check the consistency of cuts in the fast simulation.
3.3 Event pre-selection
About 800 million Monte-Carlo events were generated and passed to a pre-selection, requiring a final state con-
taining at least three heavy (b or c) quarks (at final state in the particle listing, but not necessary in any jet), four
PYCELL [9] (the standard PYTHIA jet reconstruction function) jets reconstructed with the standard iterative cone
algorithm using an opening angle of ∆R =
√
(∆φ)2 + (∆η)2=0.5 in the |η| < 4.5 region, pT >50 GeV/c and
pT >10 GeV/c of the second and fourth highest pT jet respectively.
Due to the high amount of background needed for this channel, this pre-selection is crucial in order to speed up
background simulation and reconstruction. These selections do not introduce significant bias as the final sample
contains much harder jets, once trigger and off-line requirements are applied: a minimum jet of pT >30 GeV/c is
requested in the off-line cuts (see section 4.3). Moreover, the process bb + 2 light quark jets, not selected within
the heavy flavour pre-selection described above, is negligible once the final off-line b-tagging requirements of at
least three very tight b quark candidates are applied. The tight off-line b-tagging requirement in the discriminant
variable of section 4.3 leads to a mistagging rate lower than 1% for light quarks [28], whereas PYTHIA predicts
that with the same kinematical preselection above, σ(QQ qq)σ(≥3Q) (being Q=b,c and q=u,d,s) is less than 5.
This pre-selection greatly reduces the number of events that need to pass through the detector simulation, conserv-
ing a proper background shape estimation in the mass region of interest, while the signal is not much affected since
it contains always 4 heavy quarks. The effect of pre-selection depends upon the p̂t bin considered, varying from
99.5% rejection factor for low p̂t up to ∼ 93% for the high p̂t region considered, and makes this pre-selection
worthwhile even although the effect on the signal is not small: less than half of it is rejected formA >500 GeV/c2 .
After pre-selection, around 30 million events were passed to the detector simulation.
Cross-section times branching ratio and pre-selection efficiencies, are shown for the signal as a function of the
Higgs boson mass and for the background in table 1 for tanβ =50. In the mA and tanβ ranges where this
analysis is more sensitive (mA > 200 GeV/c2 and tanβ > 10), the A boson is nearly degenerated in mass with
the H boson, and their widths are small compared to the di-jet mass resolution (as was shown in section 2.4).
Therefore, the total cross section x branching ratio for the signal is assumed to be twice that of the A boson.
4 Event selection
4.1 Trigger Selection
For high Higgs boson mass, the four-b final state MSSM A/H Higgs boson channel can be triggered at L1 by the jet
trigger [21] which consider multi-jets with different ET thresholds depending on the number of jets, up to 4 jets,
and based on the logical .OR. of the single-, double-, triple- and quadruple-jet L1 terms. It has no effect on the final
significance for mA &400 GeV/c2 since kinematical off-line cuts are tighter than L1 requirements. Nevertheless,
L1 thresholds (135, 57 and 45 GeV for the first, third and fourth ET jet respectively) are superseded by HLT cuts
as it is shown in the following.
At High Level Trigger (HLT), the trigger selection uses the inclusive b-jets trigger [22], which for the Low Lumi-
nosity LHC scenario (2x1033cm−2s−1) is implemented according to the following criteria:
• Level 2: jet reconstruction with the following minimal ET thresholds: single-jet trigger: 350 GeV ET for
highest-ET jet; 3-jet trigger: all 3 jets with at least 150 GeV ET ; 4-jet trigger: all 4 jets with at least 55
GeV ET
• Level 2.5: b-tagging based on fast pixel track and primary vertex reconstruction as ingredients, on the two
most energetic jets, requiring 2 tracks with impact parameter significance exceeding 2σ;
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• Level 3: b-tagging based on regional full track reconstruction and same vertex reconstruction, on the two
most energetic jets, requiring 3 tracks with impact parameter significance exceeding 2.5σ. The trigger
requires a b-tagged jet among the two highest-ET jets, that is, the logical .OR. of the two L3 bits.
Aside from the jet energy thresholds, the difference between L2 and L1 is an improved jet reconstruction at L2:
the jets are reconstructed with an iterative cone algorithm with a cone size of 0.5 and are calibrated with the photon
plus jet method [23]. The b-tagging algorithm is based on the impact parameters of charged particle tracks and
thus exploiting the lifetime of weakly decaying b-hadrons [24]. The fast pixel track algorithm is intended for HLT
use only and represents a gain in timing performance w.r.t. the regional full track reconstruction (used also at
the off-line level). Fast pixel track is based only information of the pixel detector and uses a relatively simple
combinatorial approach consisting of triplets of hits reconstructed in the 3 consecutive pixel layers.
The trigger requires a b-tagged jet among the two highest-ET jets (OR trigger path). It has been checked also what
are the acceptances for signal and background requiring the two highest ET jets as b-tagged (AND trigger path)
to estimate the effect of this double requirement at HLT on background rejection and signal acceptance.
The signal efficiencies for the HLT in the 1 b-tagged jet (OR) and 2 b-tagged jets (AND) with the thresholds
proposed for the Physics Technical Design Report Volume 2 (PTDR-II) trigger table version are reported in table 3,
along with two different extra trigger options tried: n-jet and n-jet + b-jet. The highET thresholds for the inclusive
b-jet trigger reduce the signal acceptances to low values. On the other hand, multi-jet trigger (n-jet) has prohibitive
ET thresholds [25], greater than those from b-jet trigger stream. The combination of both HLT streams increases
the signal acceptance but at expenses of lower QCD rejection.
The official inclusive b-jet trigger (OR HLT path) has been used for this analysis and significance calculations. For
mA = 200 GeV/c2 , the trigger streams kill almost completely the signal due to high ET thresholds on the leading
jets of the L2 multi-jet trigger. For masses below ∼600 GeV/c2 those thresholds cut off the mass distribution
peak. Therefore, from now on mA = 600 GeV/c2 signal will be consider as reference mass point. In any case, the
ET thresholds in the OR stream at L2 are higher than the off-line cuts applied in this analysis (see section 4.3).
Therefore, no-HLT filtered samples have been considered for the analysis procedure, although the final significance
has been calculated taking into account both the inclusive b-jet trigger and the no-HLT simulation options.
In future, it may be possible to significantly improve the HLT efficiency for this channel, by implementing an
additional HLT trigger requiring two b-tagged jets. This would allow lower jet ET thresholds to be used. This
possibility has not yet been investigated. In this analysis, ”no-HLT filtering” results are shown just to illustrate the
improvement that would be obtained if the HLT were 100% efficient. The channel can be improved from future
HLT developments and trigger studies requiring 2 or even 3 b-tagged jets with lower ET thresholds which do not
bias the mass distribution.
Table 3: L1+HLT effect on signal and background efficiency (in %) for the inclusive 1 b-tagged jet (OR) -as defined
in [22]-, 2 b-tagged jets (AND) -as proposed in this note- and the multi-jet trigger streams. Efficiencies correspond
to unpreselected event samples. Last line shows data rates after official L1+HLT 1 b-tagged jet (OR).
mA 200 500 600 800 QCD
b-jet (OR) 0.50 5.97 9.30 30.2 0.033
b-jet (AND) 0.14 1.59 3.00 8.82 0.002
n-jet 0.15 2.50 4.10 8.12 0.012
n-jet + b-jet (OR) 0.56 6.83 10.30 33.06 0.041
Event rate after b-jet (OR) trigger (in Hz) 0.0041 0.0012 0.00084 0.00082 16.3
4.2 Event reconstruction
Because of the high mass of the Higgs boson and low mass (compared to the Higgs boson) of the b quarks, the
b-jets associated to its production will be soft, and for the same reason, the products of the Higgs decay will be
hard. Therefore, the signature of the process consists of 2 soft b-jets + 2 hard b-jets.
The Object-oriented Reconstruction for Cms Analysis (ORCA) [20] package has been used to reconstruct the
simulated events. The jets in the final state are reconstructed with the standard iterative cone algorithm [26] using an
opening angle of ∆R = 0.5. Seeds for the cones were selected from all EcalPlusHcalUETowers (projective Towers
that sum the energy deposits in 5x5 crystals in the electromagnetic and one cell in the hadronic calorimeter, using
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a sliding energy cut on tower), which minimizes the fake jet rate, and are calibrated with MC Jet method [27]. The
standard ORCA parameters for jet calibration were used: cone seed ET cut =1 Gev, ET recombination scheme,
jet ET cut = 20 GeV.
Because Higgs decay bb products are light compared to the Higgs boson mass, they are expected to have a large
momentum and this is confirmed by their pt distribution in the left plot of figure 7. On the other hand the other two
b-jets being produced together with a heavy particle, are soft (that is with a relatively low transverse momentum in
the c.m.); this can be seen with the pt distribution shown in right plot of figure 7.
Figure 7 also shows the effect of detector simulation and reconstruction when comparing reconstructed jets with
their matched partons (before fragmentation and final state radiation) within a ∆R = 0.4 cone. When two partons
are inside the cone, the highest pT one is chosen as matched. Differences in the plot come from undetected
neutrinos and from final state radiation.
Figure 8 shows the pseudo-rapidity distributions of reconstructed and generated jets. The soft jets are affected by
the boost after collision and therefore have a wide-spread pseudo-rapidity distribution: ∼ 50% of the events have
one of the jets associated to the Higgs boson production in the range |η| ≤ 2.4, where impact parameters needed
for b-tagging can be measured with the tracker. Conversely, the jets from the Higgs boson decay should be less
affected by the longitudinal boost and therefore be more central (that is a narrower distribution centered at η = 0):
95% of the events have at least one jet produced in the Higgs boson decay with |η| ≤ 2.4.
Figure 9 shows the jet energy resolution, defined as jet energy−quark energyquark energy , for the two jets coming from Higgs
boson decay. Jet resolution is degraded for lower ET jets as expected.
Analysis has been performed in fast simulated signal and background samples where pile-up process was not taken
into account, once it was checked that its effect is not present after requiring pT >30 GeV/c jets in the barrel
region. The check was made comparing full (with pile-up process) and fast (with and without pile-up process)
simulated signal samples. The effect on the pT distributions of the two jets coming from Higgs boson decay
was found to be negligible due to the high pT expected. The effect was present in the low pT region of the two
associated jets (specially in the pT < 30 GeV/c region), where pile-up processes introduce additional products at
higher pT than without pile-up. Nevertheless, it was found that when a pT4 > 30 GeV/c jet (see section 4.3) is
required the effect is not present and no significant differences in the final and intermediate efficiency selection
points were found comparing the full and fast simulated samples, as can be seen in table 4.
Table 4: Signal selection cumulative acceptances for mA = 500 GeV/c2 for full simulation with pile-up, fast sim-
ulation with pile-up and without pile-up at different selection points (see section 4.3). Errors shown are statistical.
Selection Full simulation with PU Fast simulation with PU Fast simulation without PU
4 jets + pT cuts 0.066 ± 0.002 0.064 ± 0.001 0.057 ± 0.001
4 jets in |η| ≤ 2.4 0.065 ± 0.002 0.062 ± 0.001 0.056 ± 0.001
3 b-tagged jets 0.0078 ± 0.0004 0.0071 ± 0.0003 0.0068 ± 0.0003
4.3 Off-line Selection
A first simple selection was applied on the event requiring at least four jets. Kinematical cuts on 1st, 2nd and
4th calibrated jets (pT ordered) were applied depending upon the mA point considered. In particular, for mA =
600 GeV/c2 :
• pT1 > 220 GeV/c
• pT2 > 200 GeV/c
• pT4 > 30 GeV/c (common cut for all masses)
Selection cuts are only mass dependent, they do not depend on tanβ . For other assumed pseudoscalar Higgs mass
values, pT thresholds are given in table 5. The cut on the 4th pT jet is motivated by reliability of the analysis
simulation w.r.t. PU effect and has no signal selection motivation.
Subsequently pseudo-rapidities in the range of the tracker, |η| < 2.4, must be required: the jets must have a flight
direction through the tracker to allow for a proper performance of the b-tagging algorithm. It would also have
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Figure 7: pT distributions for jets coming from the Higgs decay (left) and for the associated jets (right) in signal
mA = 600 GeV/c2 events, for reconstructed jets (solid) and their matched partons (dashed). The distributions
contain the 2 jets without distinction.
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Figure 8: η distributions for jets coming from the Higgs decay (left) and for the associated jets in signal mA =
600 GeV/c2 events, for reconstructed jets (solid) and their matched partons (dashed). The distributions contain
the 2 jets without distinction and the same scale on y axis has been chosen in order to show the central and forward
(resp.) character of the jets depending upon their origin.
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Figure 9: Jet energy resolution for highest ET jet (left) and second highest ET jet (right) in signal mA =
600 GeV/c2 events.
Table 5: Off-line pT (in GeV/c ) selection cuts for different considered Higgs mass values.
200 500 800
pT1 90 200 260
pT2 80 180 240
pT4 30
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been possible to be less restrictive and accept events where only 3 of the 4 jets are in the tracker acceptance and as
b-quarks, with the other outside the tracker acceptance, but this option will not be considered in this analysis.
In order to discriminate between jets originating from b-quarks and light quarks, combined b-tag as described
in [28] has been used. Combined b-tag is based on the reconstruction of the secondary vertices of the weakly
decaying b-hadrons. Several topological and kinematical secondary vertex related variables as well as information
from track impact parameters are combined into a single tagging variable to discriminate between jets originating
from b-quarks and those from other sources. The distribution of the b-tag discriminant variable is shown in Fig-
ure 10 for QCD background and for signal, considering separately the two most energetic jets and the 3rd and 4th
jets.
b-tag discriminant variable
































Figure 10: Distribution of the combined b-tag variable for the two highest pT jets (left) and for the third and fourth
highest pT jets (right), compared in QCD (solid) and signal (dashed) events.
At least three tight b-tagged jets (discriminant variable > 2), among the 4 highest pT jets, are requested in the
analysis; two of them must be the two highest pT jets, coming from the Higgs decay, but they are not necessarily
the three highest-pt jets, for instance it can be the two highest pT jets and the fourth highest pT one. Tagging a third
jet implicitly requires to have 4 jets in the event since in QCD events b-jets are coming in pairs mostly. Therefore
tagging a 4th jet improves the tagging purity, but at the expense of statistics due to the b-tagging efficiency.
It was seen that requesting very tight b-tagged jets (combined b-tag discriminant variable > 2, which corresponds
to a value of ∼0.9 in the variable scale of [28]) reduces the mistag rate very efficiently whilst preserving a b-
tagging efficiency of ∼ 50%. In particular, light quarks and heavy c quarks are suppressed by a factor 100 and 10
respectively. The suppression of gluon jets is more difficult, especially for tighter cuts, when the gluon splitting
into heavy flavors (cc and bb ) becomes an almost irreducible background. This leads to the fact that, with the
above b-tagging requirement, the final QCD background composition is mainly 4 b-quarks (∼ 50%) in the final
state, coming from gluon splitting production. Only a small fraction ∼ 15% comes from bb + mistag.
Finally, a variable of shape in the phase space is used. The centrality, or fraction of the hard scatter energy going









using the four pT highest jets in the event, is used to discriminate between signal and background, given its in-
dependency from signal mass and its discrimination power due to the transverse character of the Higgs decay
products. Figure 11 shows the distribution of this variable for background and signal before applying off-line cuts,
and for fast and full simulation signal events. The analysis uses the discrimination power of this variable to reject
background events with values lower than 0.7.
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Figure 11: Centrality variable. Left: comparison between signal (solid) and background (dashed). The analysis
selects events with values greater than 0.7, independent of signal mass value. Right: centrality distribution with
fast (solid) and full (dashed) signal simulated events.
The signal efficiency and background rejection after all the cuts proposed above can be found in table 6. Af-
ter introducing the L1+HLT requirements in the analysis chain, around 700.15 background and 23.6 mA = 600
GeV/c2 events are expected per 1 fb−1.
Table 6: Signal selection cumulative acceptances for mA = 600 GeV/c2 and background cumulative efficiencies.
tanβ value chosen is 50. The samples used to calculate numbers given in this table are statistically independent
from the ones used to optimize the cuts.
Selection Signal acceptance Background efficiency S/B (full mass range)
None 1 1 1.85E-07
Preselection 5.14E-01 5.94E-03 1.60E-05
At least 4 jets 5.01E-01 5.85E-03 1.58E-05
P
(jet1)
T 3.10E-01 1.57E-04 3.66E-04
P
(jet2)
T 1.86E-01 4.76E-05 7.21E-04
P
(jet4)
T 1.02E-01 3.24E-05 5.82E-04
Jets in |η| ≤ 2.4 8.25E-02 2.26E-05 6.73E-04
b-tagging of 1 jet 3.61E-02 2.44E-06 2.73E-03
b-tagging of 2 jets 1.69E-02 2.81E-07 1.11E-02
b-tagging of 3 jets 8.57E-03 5.62E-08 2.82E-02
centrality> 0.7 7.05E-03 3.69E-08 3.52E-02
L1+HLT 5.25E-03 2.87E-08 3.38E-02
4.4 Mass estimator
The criterion for the presence of signal will be based on the distribution of the reconstructed Higgs boson mass. The
invariant mass distribution of the two leading pT jets, which are believed to come from the Higgs particle decay,
was used as mass estimator. The significance, S/
√
(B) will be calculated in the mass window which maximizes
this ratio. The reconstructed mass distribution before any cut is compared to the real Higgs boson mass distribution
coming from the generation in figure 12. The natural width (FWHM of a Breit-Wigner distribution) obtained from
the fit shown in the figure, is 32.7 GeV/c2 , in correspondence with the value from table 2. Due to initial and
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final state radiation along with hadronization, the peak is rather broad when compared with the expected generated
mass. On the other hand, the use of this mass estimator yields only a ∼ 65% of correct jet pairing combinations
before any cut, even when ISR and FSR are activated.
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Figure 12: Higgs boson mass distributions coming from MC generation info (left) and after simulation and recon-
struction (right) in signal mA = 600 GeV/c2 events. Left distribution has been fitted with a Breit-Wigner function.
No event selection was applied in these distributions.
Figure 13 shows how the mass resolution is narrowed towards the nominal value after the cuts described in sec-
tion 4.3. Mass distribution has been fitted by a sum of two Gaussians. The mean has been defined as the mean of the
sum-of-Gaussians contribution. The resolution is defined as the RMS of this distribution divided by its mean. Since
jet corrections are applied, the mass is close to expected 600 GeV/c2 Higgs boson mass: 587.41 GeV/c2 has been
obtained, with a resolution of ∼ 12%.
4.5 Background estimation from data
Given the low signal over background ratio and the similarities of the signal and background distributions, a careful
evaluation of the background has to be performed. The best source of background events may come from real data
samples, when available, as it is being done at the Tevatron experiments [4]. The QCD multi-jet background will
be determined from data by normalizing distributions outside of the signal region, once the mass of the Higgs is
known from other channels for example. Data will be also used to extract the background shape with possibly the
help of Monte-Carlo. The overall background normalization will be therefore determined by fitting the leading two
jets invariant mass spectrum in triply b-tagged events outside of the hypothesized signal region to the estimated
shape for triply b-tagged background. This is a serious and unsolved challenge to the success of this analysis.
It has been proposed [30] to evaluate the shape of the background distribution by switching off the b-tagging of
the third jet. In this way the number of signal events will be negligible compared to the background and therefore,
the distribution including any event (signal and background) should be similar to background distribution.
Data samples with the third jet anti-b-tagged can also be used to compare the Monte-Carlo predictions with the
data and therefore cross-check that the former describes properly the data. In addition, the normalization factor
between the Monte-Carlo and the data for the di-jet mass distributions can be obtained from the samples with
anti-b-tagged third jet. This normalization factor can be used to normalize the background.
The latter option can work only if the background shape depends little on the b-tagging of the third jet. The
knowledge of the b-tagging can be used to deconvolve the effect of the third-jet b-tagging.
On the other hand, Z → bb channel has been proposed [31] in LHC experiments as benchmark for b-jet calibration
in the QCD background, provided that a dedicated trigger exits. Studies from this channel will give a proper
estimation of the background shape as it is being done in the Tevatron experiments [32].
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Figure 13: Higgs boson mass distributions after on-line and off-line selection cuts in signal mA = 600
GeV/c2 events. Statistics are for 60 fb−1
5 Results
Figure 14 shows the reconstructed Higgs boson mass distribution for signal and background as expected in 60 fb−1.
Since there is much less statistics in the Monte-Carlo simulation than what is expected for 3 years of low luminosity
run, the reconstructed Higgs boson mass for the backgrounds has been smoothed using the 353QH algorithm [29].
Table 7: Significance S/
√
B and number of signal and background events in optimized mass window after se-
lection cuts in the HLT Trigger and no-HLT filtering scenario for the different Higgs mass values considered at
tanβ = 50. Last line shows the low limit of tanβ where the 5σ significance is possible with 60 fb−1in the absence
of systematics.
mA 200 500 600 800
Only L1 Trigger, No HLT trigger 30.9 10.4 7.7 2.3
HLT inclusive b-jet Trigger 2.9 6.4 5.6 3.4
Number of signal events 1686 1110 684 277.8
Number of background events 334740 29700 14940 6840
Low limit tanβ reachable with 5σ 71 44 47 62
The significance in the optimized mass window after all the cuts applied excluding and including the HLT in the
analysis chain, can be found on table 7. HLT, as it is currently proposed for CMS, decreases the significance up to
a factor 10 for low masses (mA = 200 GeV/c2 ). For higher masses, ∼mA = 500 GeV/c2 , this factor is reduced
to less than 2.
Figure 15 shows the statistical significance of the presence of the Higgs as a function of the parameters mA and
tanβ including and excluding the simulation of the current inclusive b-jet HLT stream (from section 4.1) into the
analysis chain. Significance for the (mA , tanβ ) plane has been obtained for other tanβ values, by extrapolating
the efficiency in the analysis for simulated points at tanβ =50. In this sense, it has been neglected the effect of
A/H natural width change and of mH mass shift, as it was inferred from table 2.
For mA = 500 GeV/c2 and tanβ greater than 44 (34), the significance is at least 5σ when considering (excluding)
the HLT stream filtering, and provided that systematics are not taken into account. For higher masses the signifi-
cance degrades due to the cross-section and branching ratio decrease. The raising at mA < 400 GeV/c2 is due to
the cut on transverse momentum of the high level trigger and to the increase of the background QCD cross section
in the di-jet mass region.
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Figure 14: Higgs boson mass distributions after off-line and on-line selections for signal mA = 600 GeV/c2 (black
in foreground), background (solid line) and signal plus background (dashed line) in 60 fb−1. The background
distribution has been smoothed.
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Figure 15: Statistical significance according to the Higgs sector parameters excluding (left) and including (right)
the CMS inclusive b-jet HLT stream into the analysis chain.
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6 Statistical and systematics errors
It is hard to have a strong conclusion on the expected significance at this stage. What is clear is that this channel is
dominated by systematics rather than by statistics at the LHC framework.
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Figure 16: Two-sigma significance contour including some systematic error in the background calculation consid-
ering the CMS inclusive b-jet HLT stream into the analysis chain.
Significant contributions due to the systematic uncertainties on the expected background (fragmentation model,
PDF, ISR/FSR, jet energy scale, b-tagging), and the integrated luminosity, are expected and will be reevaluated
with elements available in the near future (increased statistics, better definition of jet energy scale and b-tagging
tuning in the fast simulation framework).
The theoretical uncertainty on the multijet background shape is presently unknown, being the background estima-
tion the main source of uncertainty. Moreover, the background subtraction without a proper understanding and
evaluation of the magnitude of the QCD multi-jet source, will be not possible, and significance could be even
spoiled for this reason. In the following, some hints about the effect of a relative uncertainty on the significance
are given.
Figure 16 shows the effect of different systematics error values in the expected number of background events from
the Monte-Carlo fits. The significance used for this plot is defined by: s = S√
B+(εB)2
, with S the number of signal
events in the mass window, B the number of background events in the same window and ε the relative background
count systematics. Due the huge number of background events expected, for errors greater than ∼ 2.0%, the
systematic uncertainty is larger than the number of the expected signal events even for the maximal cross section
times branching ratios point.
For masses greater than mA = 500 GeV/c2 , a background uncertainty of 1% increases the minimum tanβ value
reachable with 2σ significance by about a 45% more, and for ε = 2% the minimum tanβ which can be seen is
almost a factor 2 higher. For lower masses (mA < 500 GeV/c2 ), the QCD content is so high that its uncertainty
is larger than the expected signal, and a tighter background rejection is not possible given the low HLT acceptance
for the signal.
Since the absolute background event count from MC is not reliable given the uncertainty on the cross-section, it
will be required to normalize the background directly from the data in the signal free region of the two-jet invariant
mass (assuming that Higgs mass will be known from the other channels) and predict the number of the background
events in the region of the signal, as was explained in section 4.5. The systematic uncertainty in this way will
be dominated by the error of the extrapolation and the knowledge of the background shape. Current results from




This study estimated the observability reach of the bb H/A→ bb bb channel with the detector CMS. This channel
requires a dedicated High Level Trigger (which was not yet available for this analysis) with double (or even triple)
b-tagging and moderate ET thresholds for a better signal acceptance (specially at low masses), an excellent under-
standing of the QCD multi-jet background shape for a proper systematics determination and a good understanding
of the b-tagging performance. The uncertainty on the QCD background, which may only be really estimated from
data, will be the key issue of this channel and should be less than 1% if the analysis is to be possible.
QCD multi-jet backgrounds with at least four jets, of any flavor, have been taken into account. The backgrounds
have been generated in shower approximation from 2 → 2 processes, while the other jets come from initial and
final state radiations. The proposed pre-selection to speed up the QCD background production gives good results
in terms of high statistical samples but relies much in the b-tagging performance, producing only heavy quark
enriched samples and assuming that the light quark mistagging rate from the b-tagging variables is low enough.
Analysis has been performed in fast simulated signal and background samples where pile-up process was not
taken into account, once it was checked with full simulation that its effect was not present after requiring pT >
30 GeV/c jets in the barrel region.
It has been shown that the statistics of this channel allows to obtain a good significance for a part of the Higgs
sector, as long as uncertainties are not too large: a statistical significance larger than 5 σ is obtained for mA >
500 GeV/c2 and tanβ > 55. Nevertheless, the potential of this channel is actually limited by the low signal-to-
background ratio and the similarity of the signal and background distribution shapes. So far it is not known how
to control the background uncertainty in order to be able to observe an MSSM Higgs in the four-b final state.
This channel could be considered a cross-check for the discovery once it is known which Higgs boson masses
(observed for instance in bb H/A→ bb τ+τ− channel) must be looked at and if tanβ occurs to be large enough
(> 50). It constitutes the only channel to measure the bb decay for the heavier A/H Higgs bosons. It can be also
used in combination with the ττ mode to calculate the relative A(H) → bb /A(H) → τ+τ− branching ratio.
In practice, with real data the search will look for an excess in the invariant mass distribution of the two leading
transverse momentum jets in events containing three or more b quark candidates.
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